The concept that inflammatory gene expression is dysregulated with early, stable, or clinically mild disease (1, (4) (5) (6) . Therapy in airway epithelial cells from patients with cystic fibrosis (CF) is aimed at modulating inflammatory responses slows the procontroversial. To examine this possibility systematically, responses gression of CF lung disease, confirming the importance of to inflammatory stimuli were compared in CF airway epithelial cell airway inflammation to the pathophysiology of CF (7-9). infection with similar quantities of Pseudomonas aeruginosa, transmembrane conductance regulator (CFTR) in airway epmice homozygous for a targeted null mutation of the CFTR ithelial cells leads to persistent and overwhelming infection gene have an excessive pulmonary inflammatory response and inflammation at the respiratory epithelial surface (1). and higher mortality compared with normal animals (18). Pulmonary infection and inflammation result in lung damage However, the possibility that airway inflammatory responses and cause the majority of the morbidity and mortality in are intrinsically augmented in CF is not definitively estabpatients with CF (2). Inflammation in the CF lung is remarklished, and potential mechanisms that explain this effect are ably compartmentalized, with infection and inflammation pripoorly defined. marily contained in the airway lumen, whereas the alveolar Because epithelial cells in the airway express CFTR and space is relatively spared (3). Despite the ability of the lung to restrict the location of infection, bronchoalveolar lavage, participate actively in inflammatory responses (19, 20), it has bronchial brushings, and airway biopsies from patients with been proposed that epithelial cells mediate dysregulation of CF demonstrate an intense endobronchial inflammatory proinflammation in patients with CF (21, 22). Epithelial cells concess characterized by high concentrations of proinflammatory taining mutant CFTR genes could amplify neutrophil recruitcytokines and large numbers of neutrophils, even in patients ment through constitutive and bacteria-induced release of inflammatory mediators that is disproportionate to infectious stimuli. In support of this hypothesis, certain in vitro models of CF respiratory epithelial cells demonstrate increased re-(Received in original form June 27, 2002; accepted in final form August 15, 2002) lease of inflammatory mediators either spontaneously or after exposure to inflammatory stimuli (23-29). However, not
such as Haemophilus influenzae, that is common in both patients with and without CF (16) . Likewise, after airway Defective expression or function of the cystic fibrosis (CF) infection with similar quantities of Pseudomonas aeruginosa, transmembrane conductance regulator (CFTR) in airway epmice homozygous for a targeted null mutation of the CFTR ithelial cells leads to persistent and overwhelming infection gene have an excessive pulmonary inflammatory response and inflammation at the respiratory epithelial surface (1) . and higher mortality compared with normal animals (18) . Pulmonary infection and inflammation result in lung damage However, the possibility that airway inflammatory responses and cause the majority of the morbidity and mortality in are intrinsically augmented in CF is not definitively estabpatients with CF (2) . Inflammation in the CF lung is remarklished, and potential mechanisms that explain this effect are ably compartmentalized, with infection and inflammation pripoorly defined. marily contained in the airway lumen, whereas the alveolar Because epithelial cells in the airway express CFTR and space is relatively spared (3) . Despite the ability of the lung to restrict the location of infection, bronchoalveolar lavage, participate actively in inflammatory responses (19, 20) , it has bronchial brushings, and airway biopsies from patients with been proposed that epithelial cells mediate dysregulation of CF demonstrate an intense endobronchial inflammatory proinflammation in patients with CF (21, 22). Epithelial cells concess characterized by high concentrations of proinflammatory taining mutant CFTR genes could amplify neutrophil recruitcytokines and large numbers of neutrophils, even in patients ment through constitutive and bacteria-induced release of inflammatory mediators that is disproportionate to infectious stimuli. In support of this hypothesis, certain in vitro models of CF respiratory epithelial cells demonstrate increased re-(Received in original form June 27, 2002 ; accepted in final form August 15, 2002) lease of inflammatory mediators either spontaneously or after exposure to inflammatory stimuli (23) (24) (25) (26) (27) (28) (29) . However, not lial cells for 24 hours before cytokine or bacteria treatment, assessment responses to both bacteria and cytokine stimuli using multiple of transgene expression, or electrophysiologic testing.
CF cell models or use CF and non-CF airway epithelial cells grown in primary culture, particularly under differentiating 
METHODS
Previous reports indicate that the IB3-1 CF airway epithelial cell line releases more IL-8 under basal conditions and in response to
Human Airway Epithelial Cells

TNF-␣ and P. aeruginosa compared with matched wild-type
The CF airway epithelial cell line IB3-1 (genotype ⌬F508/W1282X) CFTR-complemented cell lines (23, 47, 48) . Correction of the and the matched stable transfected control N6 and CFTR-complechloride channel defect in IB3-1 cells was originally accommented C38 cell lines were gifts from P. Zeitlin (Johns Hopkins Uniplished through non-site-specific integration of wild-type trunversity, Baltimore, MD) (36, 37) . The CF airway epithelial cell line CFDEoϪ (genotype not determined) and the CFTR-complemented cated CFTR cDNA using a plasmid in which expression of func-CFDE/6REP-CFTR cell line were gifts from D. Gruenert (University tional CFTR is driven by an adeno-associated virus inverted of California, San Francisco, CA) (38). Primary airway surface epithelial terminal repeat promoter (37, 49) . applied to the apical surface to transiently disrupt tight junctions as described previously (43, 44) . Adenoviruses were incubated with epitheOur experiments revealed that CFDEoϪ cells expressed high lial cells in submerged culture conditions comparable to experi- tively high using this cell culture system, the overall pattern of ment concentrations when comparing cells from patients with induction of ICAM-1 surface expression and IL-8 secretion in and without CF (results not shown), indicating that mutant enresponse to treatments was similar to submerged primary cell dogenous CFTR genes do not alter epithelial cell sensitivity to cultures. There was no significant difference in ICAM-1 expreslower stimulus levels. Figure 4B ). These results larization and CFTR expression (51, 52), we also tested primary suggest that factors other than CFTR expression exert greater airway epithelial cells from multiple individuals grown as epithecontrol over differences in cellular responses to inflammatory lia under differentiating conditions at an air-liquid interface stimuli in this airway epithelial cell culture system. (Table 2 ). Although variability among patient samples was rela-
Transient CFTR Expression and Function
To eliminate individual variability inherent in comparing genotyp- we selected an adenoviral vector for CFTR complementation with an adenovirus expressing green fluorescent protein resulted with an adenoviral vector expressing wild-type CFTR augmented cellular CFTR staining in the majority of cells in the sample. Furthermore, this expression system for CFTR restored cAMPactivated transepithelial chloride current that was defective in primary CF airway epithelial cells grown as epithelia in air-liquid interface conditions ( Figure 6 ). The mean change (n ϭ 8 in each group) in short circuit current after apical treatment with amiloride was 36.0 Ϯ 22.0 A/cm 2 for CF airway epithelia infected with Ad5cmvEGFP versus 35.1 Ϯ 15.1 A/cm 2 for CF epithelia infected with Ad5cmvCFTR. The change in current after cAMP stimulation was Ϫ0.2 Ϯ 0.2 A/cm 2 for CF epithelia infected with Ad5cmvEGFP versus 9.4 Ϯ 4.9 A/cm 2 for CF epithelia infected with Ad5cmvCFTR. Accordingly, these results indicate that this adenoviral vector system expresses functional wild-type CFTR in the majority of epithelial cells infected in submerged culture conditions. cells that were not infected with virus and cells infected with adenovirus expressing a control transgene or wild-type CFTR ( Figure 7A) . In contrast to a comparison of IB3-1 cells with integrated control or CFTR complementation, there was no difin transgene expression in 98% or more of cells, verifying highference in constitutive or stimulated IL-8 release from IB3-1 efficiency infection by this expression system ( Figure 5A ). Imcells with transient expression of a control transgene or wildmunohistochemical staining detected faint CFTR expression in type CFTR ( Figure 7B ). However, a significant decrease in IL-8 IB3-1 cells (that contain heterozygous ⌬F508 and W1282X secretion induced by IL-1␤ treatment was observed in this cell CFTR mutant genes) and primary CF airway epithelial cells line after infection with adenovirus expressing either transgene. (that contain homozygous ⌬F508 mutant genes) that was similar
CF Cell Line without and with Transient Complementation
The observed discrepancy using two different methods for wildtype CFTR expression in the same cell model indicates that to previous reports (37) (Figure 5B) . Infection of both cell types systems for generating complementation affect whether CFTR IL-8 release under some conditions. However, wild-type CFTR correction alters IL-8 secretion and that non-transgene-depenthat is transiently expressed by this viral system does not itself dent effects on epithelial cell inflammatory responses may occur.
affect IL-8 release from airway epithelial cells.
Primary CF Cells without and with Transient Complementation by Wild-Type CFTR
DISCUSSION
The effect of transient expression of wild-type CFTR on inAlthough several potential mechanisms have been advanced, flammatory responses in primary airway epithelial cells in subthe links between CFTR gene mutation and lung damage remain merged culture conditions was also determined. Transient CFTR unclear. For this report, a systematic study of airway epithelial expression in primary epithelial cells from selected individuals cells was performed in vitro, based on the hypothesis that dyswith CF allowed for comparison under isogenic conditions simifunction of airway inflammatory responses with inappropriately lar to experiments with cell lines. In experiments using cells from high constitutive and/or infection-induced activation of airway a patient homozygous for the CFTR ⌬F508 mutation, we found defense genes in epithelial cells contributes to lung damage in no significant difference in constitutive or stimulated ICAM-1 CF. We observed much higher levels of IL-8 release in response expression between cells that were not infected and cells infected to several inflammatory stimuli when comparing one CF airway with adenovirus expressing a control transgene or wild-type epithelial cell line to its stable CFTR-complemented control line. CFTR ( Figure 8A ). Stimulated release of IL-8 was slightly lower
In addition, a modest increase in IL-8 secretion after infection in epithelial cells infected with adenovirus expressing either with P. aeruginosa was seen in airway epithelial cells grown in transgene, and this decrease reached statistical significance when submerged primary culture from CF patients compared with comparing cells treated with TNF-␣ ( Figure 8B) . In contrast to patients without CF. However, other airway epithelial cell modcomparison between cells from patients with and without CF, els did not have greater IL-8 release from CF phenotype cells primary CF cells expressing wild-type CFTR released similar compared with cells that express wild-type CFTR. Furthermore, amounts of IL-8 compared with cells expressing the control differences in IL-8 secretion between primary culture epithelial transgene. Experiments using cells from two other patients with cells from patients with and without CF were relatively small CF (one homozygous and one heterozygous for the CFTR ⌬F508
(with statistical significance under only one condition) compared mutation) and a patient without CF (results not shown) gave with variability between individuals within the same group. Fisimilar results. Based on these experiments, it appears that infecnally, transient expression of wild-type CFTR did not alter CF airway epithelial cell constitutive or inducible levels of ICAM-1 tion with adenoviral vectors has modest effects on epithelial cell or IL-8. The results indicate that CF airway epithelial cell models cDNA revealed large differences in IL-8 release under all conditions, although its is not apparent whether the parental or comdo not have a consistent proinflammatory phenotype, although individual and model system variability makes it difficult to esplemented cell line has the more "appropriate" response. CFTR complementation strategies that rely on adenoviral vectors suffer tablish the presence or absence of a distinct, but subtle, CF phenotype.
from lack of expression of physiologic cellular levels of CFTR, lack of effect on mutant CFTR expression, and vector-dependent Factors that account for inconsistencies between model systems in epithelial cell responses to inflammatory stimuli and effects on inflammatory gene expression. For example, a proposed mechanism for excessive epithelial cell gene expression in observed alteration in CF epithelial cells compared with cells expressing wild-type CFTR are not clear. Epithelial cell lines CF involves mutation-dependent mistrafficking of CFTR protein with accumulation in the endoplasmic reticulum resulting in used in many reports were derived from CF patients, with control CFTR-complemented cell lines subsequently generated using direct effects on cell signaling pathways (53, 54) , and complementation with wild-type CFTR would presumably not alter this plasmid transfection or viral vector infection for transient or stable expression of wild-type human CFTR (21, 23, 31, 33, 47) .
effect of endogenous CFTR genes with these specific mutations (e.g., ⌬F508). Alternatively, reports suggest that loss of physioAlternately, in some studies, decreased CFTR expression or function in epithelial cell lines from patients without CF was logic CFTR chloride channel function may itself affect epithelial cell inflammatory gene expression (28, 53), and complementainduced through expression of the CFTR regulatory domain or antisense oligonucleotides (26, 28, 53) . These cellular models of tion is likely to correct this effect if wild-type CFTR expression and chloride channel function are generated in the majority of CF epithelium are advantageous because they manifest characteristic electrophysiologic properties of CF cells and have isocells in the system. Because CFTR expression from wild-type cDNA that is either stably integrated into the cellular genome genic control cell lines. However, variation between cell models may be caused by differences in environmental (e.g., cell source, or transiently functional in a nonintegrated cellular location would not be expected to alter expression of endogenous mutant isolation procedure, culture conditions, differentiation, viral infection) or genetic (e.g., modifying genes, immortalization, com-CFTR genes, the reasons for differences in the effects of correction of IB3-1 and primary CF airway epithelial cells by these plementation) factors or modifications. For example, inclusion of serum or serum substitutes in culture media may cause significant two strategies are not apparent.
Reports from other laboratories suggest that altered airway alterations in inflammatory gene expression in many epithelial cells (47, 53 ; results not shown). Moreover, results from experiepithelial cell responses in CF may be mediated through dysregulation of constitutive or inducible function of the transcriptional ments with immortalized epithelial cell lines may not always be generalized to airway epithelial cell behavior in vivo because activator, nuclear factor-B (21, 47, 53, 55, 56) . The use of ICAM-1 and IL-8 levels as markers of inflammatory gene activathey are derived from a single individual, are not polarized, are often not diploid, and their genotype and behavior may change tion in our studies is relevant for assessment of this possibility because these inflammatory mediators function to direct neutroover time. Experimental conclusions regarding the proinflammatory phenotype of CF epithelial cells need to take these facphil recruitment at sites of infection, participate in regulation of intense airway neutrophilia characteristically seen in patients tors that affect inflammatory gene expression into account.
Primary culture airway epithelial cells were included in our with CF, and their induction by TNF-␣, IL-1␤, and bacteria is mediated by nuclear factor-B (1, 4, 6, 11, 13, 39, 57-62). We studies because they have not undergone immortalization or complementation and culture conditions could be selected to found small differences in constitutive levels of ICAM-1 and IL-8 in all but one of the cell models in our studies, suggesting allow for a more differentiated phenotype. However, the use of primary culture cells requires testing of samples from multiple that there is minimal difference in baseline nuclear factor-B activation in CF. In contrast, the possibility that mutant CFTR subjects to control for variability in responses between individuals. The effects of genetic and environmental factors on the may affect nuclear factor-B-dependent signaling in response to inflammatory stimuli is less clear because of inconsistencies inflammatory response in patients that provide tissue samples for cell culture are poorly defined. Recent exposure to infection between experimental models of CF airway epithelial cells. However, when significant differences in IL-8 release from CF cells or therapy (e.g., antibiotics and antiinflammatory medication) was different between patients without and with CF that procompared with cells expressing wild-type CFTR were seen, differences in ICAM-1 expression were not observed. Furthermore, vided primary cells for our experiments. Furthermore, epithelial cells freshly isolated from the infected airway environment of infection with adenoviral vectors resulted in decreased IL-8 secretion from airway epithelial cells in response to specific in-CF patients have altered inflammatory gene expression, and these levels of expression may persist for days after removal from flammatory stimuli regardless of the transgene expressed, without affecting ICAM-1 expression or causing cytotoxicity (42; inflammatory conditions (27, 28 ; results not shown). Preliminary experiments indicated that ICAM-1 and IL-8 gene expression results not shown). Therefore, the observed differences in regulation of ICAM-1 versus IL-8 expression by infectious stimuli in CF airway epithelial cells decreased to a stable level of expression within 2 weeks after isolation that was similar to low levels confirm that regulatory factors other than nuclear factor-B are also important in inflammatory gene activation in airway in non-CF cells (results not shown). Therefore, cells for our studies were cultured for at least 14 days before testing to start epithelial cells (63, 64) , and these factors could account for inconsistencies in airway epithelial cell models of CF. experiments at a baseline state of inflammatory gene activation.
Mechanisms for wild-type CFTR expression or complementaDefects in innate immunity result in pulmonary airways with mixtures of high levels of several inflammatory stimuli and medition appear to have different effects on inflammatory gene expression in CF airway epithelial cells. In IB3-1 and primary ators in patients with CF. Several bacteria, including H. influenzae, commonly infect the CF airway early in the course of the culture CF airway epithelial cells that demonstrated increased IL-8 release in initial comparison experiments, constitutive or disease, but bacterial control of the airway is eventually surrendered to P. aeruginosa (4, 13, 16, 65 5, 11, 13, 19, 39, 66 
